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Superexchange Interaction and Magnetic Moment in 
Antiferromagnetic High-T c Copper-oxide Superconductors 
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Extensive 63 Cu-NMR studies on multilayered high-T c cuprates have deduced the following 
results; (1) Antiferromagnetic (AFM) moment Mafm is decreased with doping, regardless of 
the number of CuC>2 layers n, and collapses around a carrier density Nh ~ 0.17. (2) The AFM 
ordering temperature is enhanced as the out-of-plane coupling J out increases with increasing 
n. (3) The in-plane superexchange Ji n is invariant with doping, but is even increased. (4) The 
dome shape of T c from the underdoped to the overdoped regime with a maximum T c at Nh ~ 
0.22 does not depend on n, but its maximum value of T c seems to depend on n moderately. 
The present results strongly suggest that the AFM interaction plays the vital role as the glue 
for the Cooper pairs, which will lead us to a genuine understanding of why the T c of cuprate 
superconductors is so high. 
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Despite more than 22 years of intensive research, an 
origin of high-temperature copper-oxides superconduc- 
tivity (HTSC) has not been well understood yet. The 
HTSC emerges on a CuC>2 plane when an antiferromag- 
netic Mott insulator is doped with mobile carriers. A 
strong relationship between antiferromagnetism (AFM) 
and superconductivity (SC) is believed to be a key to 
understand the origin of the remarkably high-SC transi- 
tion. 1 ~ 18 ) Site-selective 63 Cu-NMR studies on multilay- 
ered cuprates revealed that the square-type inner Cu02 
planes (IPs) exhibit homogeneous hole doping, since the 
IPs are farther from the charge reservoir layers and the 
disorder introduced along with the chemical substitution 
in it is effectively shielded on a pyramid-type outer CuC>2 
plane (OP). As a result, ideally flat CuC>2 planes are re- 
alized, especially at IPs. 19-26 - 1 Thus, multilayered copper 
oxides provide us with the opportunity to research the 
characteristics of the disorder-free Cu02 planes which 
are coupled each other. 

On the basis of two-layered (n = 2), four-layered (n 
= 4), and five-layered [n = 5) copper oxides, respec- 
tive figures 1(a), (b) and (c) reveal the phase diagrams 
of AFM and SC, where T c and Tn are plotted against 
carrier density Nh, for the n = 2, n — 4, and n = 5 
compounds. 22 ~ 27 ) Note that the phase diagram of the 
n = 2 compounds does not reveal an AFM order around 
Nh < 0.15, 25 ' 27 -* resembling the well-established phase 
diagram of YBC0. 28) However, the AFM phase in the 
n = 4 compounds, which uniformly coexists with SC, 
exists up to Nh ~ 0.15 being an AFM quantum critical 
point (QCP) of the n = 4 compounds. 26 * 1 When n in- 
creases from n — 4 to 5, the QCP moves to higher hole 
doped region, Nh ~ 0.17. 24 - 1 This result suggests that 
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an interlayer magnetic coupling J out becomes stronger 
with increasing n, which stabilizes the AFM order. The 
phase diagram of AFM and SC in multilayered systems, 
especially in the n = 4 and 5 compounds, are remarkably 
different from the well-established ones for LSCO {n = 1) 
and YBCO (n = 2), where the AFM order totally col- 
lapses by doping very small amount of holes with Nh ~ 
0.02 29 - 1 and N h ~ 0.055, 28 - 1 respectively. The QCPs for 
n = 4 and 5 compounds are located at the doping levels 
higher than those for n = 1 and 2 compounds, thereby 
the AFM uniformly coexists with SC. These results en- 
sure that decreasing n makes J out weaker and an AFM 
ordering temperature depends on J out significantly. 
Consequently, we have concluded that the uniform mix- 
ing of AFM and SC is a general property inherent 
to a single Cu02 plane in an underdoped regime of 
IITSC. 22-26 - 1 This conclusion is corroborated by the 
ARPES result 30 ) on the n—A compound; it was found 
that the two Fermi sheets of the IP and OP are observed, 
and that the SC gap opens at the IP and OP below T c ~ 
55 K where the AFM order takes place below T/v = 80 
K. Note that T c is almost independent of n when n > 4 . 
This is because the OP is responsible for the onset of bulk 
SC with its maximum T c ~ 100 K in these compounds. 
The highest T c was observed around 133 K in the Hg- 
based n — 3 compound as a result of optimum doping at 
the OP and IPs. 31 ) In this context, it is remarkable that 
the dome shape of T c from the underdoped to the over- 
doped regime with a maximum T c at Nh ~ 0.22 does not 
always depend on n, but its maximum value of T c seems 
to depend on n moderately. 

In light of the recent progress in these experiments 
unraveling the intrinsic phase diagrams in the under- 
doped regime, in this note, we deal with a carrier-density 
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Infinite-layer ((Ca aa5 Sr aAS )Cu0 2 ) : T N - 537 K, M AFM = D.51 ME 
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Fig. 1. (Color online) The phase diagrams of AFM and SC; (a) 
the n = 2 compounds, 25, 27 ) (b) the n = 4 compounds, 26 ' and 
(c) the n = 5 compounds. 24 ' Note that the QCP for the n = 2 
compounds is lower than ~ 0.15 at least and JV^ = 0.15 and 
0.17 for the n = 4 and 5 compounds, respectively. 



Nh dependence of AFM moment and an in-plane su- 
perexchange J ln in order to gain insight into magnetic 
characteristics in the antiferromagnetic HTSC. 

Figure 2(a) shows a plot of AFM moment Mafm ver- 
sus Nh where the datum at Nh=0 for a Mott insulator is 
cited from an infinite-layer compound Cao.ssSro.isCuC^ 
(green circle) with T N = 537 K and Mafm = 0.51 ^s- 32) 
All other data are plotted with respect to those in the 
n = 4 compounds (red circle) 26 ) and the n — 5 com- 
pounds (blue circle). 24 ' 33 ^ Remarkably, Mafm decreases 
linearly as the function of Nh irrespective of n with a 
relation of Mafm = — 3JV/, + 0.51, when doped CuC>2 
planes are magnetically ordered. A critical carrier den- 
sity (experiment) ~ 0.17 is larger than a theoretical 
value Nh (theory) ~ 0.10 for the T — phase diagram in 
a single CuC>2 plane where no long-range magnetic or- 
der takes place at a finite temperature. 1, 2 ' 5,7 ~ 9,12 ~ 18 ' We 
consider that a reason why Nh (theory) ~ 0.10 is signif- 
icantly smaller than Nh (experiment) ~ 0.17 is because 
J ou t responsible for the AFM order is not taken into ac- 
count in the theories at all. 

In order to gain further insight into a Nh dependence 
of J in , Fig. 2(b) shows a plot of T/v versus Mafm where 
the data are presented with respect to Cao.ssSro.isCuC^ 
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Fig. 2. (Color online) (a) Plot of Mafm versus N h . 24 > 26, 32, 33 > 
Solid line indicates a relation of Mafm = — 3A^ + 0.51. (b) 
Plot of Tjv versus Af A FM- 24 ~ 26 ' 32, 33) Dotted curve shows T N oc 
Ai AFM (J in Jout) 1/2 with Tjv = 537 K and Mafm = 0.51// B 



in Carj.85Sro.i5Cu02 32 - ) where n 
Mafm ~ 0.12 p, B . 
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cle), 25 -* the n = 4 (red circle), 26 - > and the n — 5 com- 
pounds (blue circle). 24,33 -' On the basis of the mean- field 
approximation of localized spins, T/y is nearly propor- 
tional to M AFM when assuming that J out and Ji n stay 
constant regardless of Nh- The dotted curve in Fig. 2(b) 
shows T N oc M| FM (J in J out ) 1/2 with T N = 537 K and 
Mafm = 0.51 /is in Cao.ssSro.isCuC^. When noting 
that Jouts for the n = 3, 4, and 5 compounds become 
always smaller than the J ou t in Cao.ssSro.isCuC^ where 
n = oo, an unexpected fact that most of the data are 
larger than those that would be expected from the dot- 
ted curve reveals that J in ~ 1300 K is not decreased by 
doping hole carriers, but it is even increased. Another 
important outcome extracted from Fig. 2(b) is that even 
though Mafm ~ 0.12 /j,b is the same as shown by a 
red arrow, Tjv increases due to the increase of J ou t as n 
increases from n = 3 to 5. The two experimental relation- 
ships, the plot of Mafm versus Nh shown in Fig. 2(a) and 
the plot of Tm versus Mafm in Fig. 2(b), suggest that the 
AFM ground state in the homogeneously doped Cu02 
layers is determined by Nh and J ou t- It is surprising that 
the superexchange interaction J m does not depend on 
Nh so much, but is even increased. In HTSC, mean-field 
theories used to take the Heisenberg superexchange Jj n 
as the source of an instantaneous attraction that leads 
to pairing in a d-wave state. 34 ) The present outcomes 
may support such a picture experimentally as far as the 
underdoped region with Nh < 0.17 is concerned where 
AFM and SC uniformly coexist in a CuC-2 plane. 

In conclusion, on the basis of the extensive experi- 
mental works on the multilayered compounds, 22 ~ 27 ) we 
have presented the following outcomes; 

(1) Mafm is decreased with doping, regardless of the 
number of layers n, and collapses around Nh ~ 0.17. 
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(2) The AFM ordering temperature is enhanced as the 
out-of-plane coupling J ou t increases with increasing 
n. 

(3) The in-plane superexchange J; n is invariant with 
doping, but is even increased. 

(4) The dome shape of T c from the underdoped to the 
overdoped regime with a maximum T c at Nh ^0.22 
does not depend on n, but its maximum value of T c 
seems to depend on n moderately. 

When noting that T c is maximum close to the QCP, the 
results presented here strongly suggest that the AFM in- 
teraction plays the vital role as the glue for the Cooper 
pairs, which will lead us to a genuine understanding of 
why the T c of cuprate superconductors is so high. In fact, 
we note that a recent theoretical analysis based on a cel- 
lular dynamical mean-field theory of Hubbard model has 
revealed that an energy scale in spin-fluctuations spec- 
trum that leads to pair binding is of order of the Heisen- 
berg superexchange J m independent of doping. 17 - ) 
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